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Ionic liquids (ILs) are amphiphilically nanostructured ionic com-
pounds with a characteristically low melting point, under 100
◦
C, that
have been the focus of intense scientific study in recent years. Their
highly uncommon combination of properties (low volatility, good elec-
trochemical properties and stability, as well as their nanostructured
solvation mechanisms) make them a viable, more eco-friendly altern-
ative to traditional solvents. Furthermore, due to the great number of
anion-cation combinations that will result in an IL, it is theoretically
possible to fine-tune their properties for specific applications, leading
the scientific community to refer to them as “designer solvents”. To
achieve this tunability, a deep, systematic study of ionic liquids is first
required, as no comprehensive theory that can explain their final prop-
erties from the initial choice of anion and cation (a structure-property
relationship ) exists yet. This is doubly important for mixtures of two
of more ILs, the result of which is a new IL with properties that do
not necessarily follow ideal mixing rules.
Many of the properties of ILs are difficult to access experiment-
ally. Furthermore, the large number of possible ILs, combined with
the cost of synthesizing them, make large scale experimental studies
of ILs initially unapproachable. Fortunately, development of ILs as
a field of research was concurrent with the increasingly widespread
availability of computational power. Computer simulations allow
for fast, systematic and relatively inexpensive studies of ILs under
arbitrary conditions, with full access to the microstates of the sys-
tem at every moment, making them a powerful tool both to further
theoretical research and to plan experimental studies with.
The focus of this thesis is studying and understanding the mixing
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mechanisms of ILs, with water, short chained alcohols, and, primarily,
with other ILs; and their impact on bulk and interfacial properties.
Understanding the behavior of these mixtures is key for designing
application-specific ILs, but this knowledge has other, more immedi-
ate uses. In the case of water, due to the highly hygroscopic nature
of ILs, a degree of water contamination should be expected in most
cases, and understanding its impact, especially for highly sensitive and
application-critical properties such as conductivity, is extremely im-
portant. Additionally, with water, but also with alcohol, the nanoscale
structure of the resulting mixture allows us to better understand the
role of hydrogen bonding mechanisms in protic ionic liquids (PILs), a
subset of ILs with hydrogen acceptor and donor sites that lead to their
self-assembly into hydrogen bonded networks. For this, extensive
molecular dynamics (MD) simulations of the involved systems were
performed using the Gromacs simulation suite and the OPLS-AA
force field. This force field, optimized for simulations of organic
liquids, allows for accurate predictions of most structural properties,
and, despite its non-polarizable nature, has also been shown to qualit-
atively predict trends for transport properties.
The first part of this work deals with mixtures of molecular co-
solvents with ILs. In the first article of the six composing this thesis,
mixtures of the PIL ethylammonium nitrate (EAN) with water, meth-
anol and ethanol were characterized. EAN is peculiar among ILs in
that its three-dimensional hydrogen bonded network is similar to that
of water. By means of MD simulations, mixtures with all three co-
solvents with concentrations throughout the entire mixing range were
studied. These mixtures were prepared in the laboratory too, and their
density measurements compared to the values obtained from the sim-
ulations to validate the parametrizations used, finding that deviations
were small in all cases, below 2%. Density behavior with concentra-
tion was observed to be different for both alcohols and water, with
the former varying progressively along the entire concentration range
and the latter showing slow changes with small water concentrations
and a more pronounced variation near pure water. The microscopic
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structure of the mixtures was studied by means of radial distribution
functions (rdfs), coordination numbers, number of hydrogen bonds,
and spatial distribution functions (sdfs). From this data, a progress-
ive, homogeneous mixing process was deduced, in which cosolvents
accommodate themselves in the hydrogen bonded network formed by
the liquid. These mixing dynamics stand in opposition to what had
been previously observed for water in aprotic ionic liquids (AILs),
where a tendency towards clustering was detected. In the case of
water, an inversion of the height of the two first cation-water rdf peaks
around 60% water concentration was found, indicating the replace-
ment of [NO3]
–
anions by water molecules on the cation’s polar head,
with the anions being displaced closer towards the ethyl carbon chain.
This image of progressive integration in the PIL hydrogen bond net-
work was reinforced by the monotonical variation of coordination
numbers and hydrogen bonds per molecule. Furthermore, an inflec-
tion point can be observed for cation-water coordination numbers at
intermediate concentrations, highlighting the point at which the afore-
mentioned replacement process is finished. Around the [NO3]
–
anion,
sdfs showed two very different coordination structures for water and
alcohols: while alcohols coordinate with oxygen atoms in a monodent-
ate way, water coordinates between oxygen pairs, in a bidentate way.
Finally, the tighter integration of water into the PIL hydrogen bond
network was confirmed by means of their velocity autocorrelation
functions (vacf), where an oscillatory behavior, indicative of a rattling
motion, was found for water but not for alcohols. This suggests a
certain degree of caging by the water molecules’ nearest neighbors,
especially at lower concentrations.
The second article deals with water contamination in ILs near
graphene surfaces, and, more specifically, its evolution under nano-
confinement. As IL confinement has been shown to be advantageous
for certain electrochemical applications, and water strongly affects
the electrochemical properties of ILs, knowledge of how confinement
impacts the distribution of residual water inside the cell is a key consid-
eration. Simulation boxes with theAIL 1-butyl-3-methyl-imidazolium
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tetrafluoroborate ([BMIM][BF4]) and a 5% molar content of water,
equivalent to about 4200 ppm in weight, and slit distances ranging
between 1.5 nm to 12 nm were investigated. For each distance, both
neutral and charged walls (with electrode surface charge densities
of ±1 e/nm2) were considered. The results from these simulations
were analyzed by means of number density profiles of each species in
the direction perpendicular to the wall, the lateral density maps for
the innermost layer of the electric double layer (EDL), the angular
orientation of water molecules, and their vibrational states. In neutral
systems, the interfacial structure of the IL reached 1.5 to 2 nm deep.
In systems under 4 nm of size, and therefore no proper bulk region,
this interfacial ordering is reinforced, with water settling at the low
ion density regions near the second layer. For charged systems, the
characteristic structure of alternating anion and cation layers in the
EDL was observed for systems of all sizes, and water was found
predominantly at the positively charged electrode, with only residual
amounts near the negatively charged one. Careful analysis, by means
of the potential of the mean force (PMF), showed that part of the
reason for this is a much higher energy barrier to move through the
first cation layer near the negatively charged electrode, making water
adsorption more difficult. However, this barrier was also found to
decrease under confinement conditions, while for neutral and positive
surface it remained roughly the same.
Regarding the lateral structure of the liquid, close to the positively
charged electrode, a transition from ordered long stripes to a hexagonal
distribution of anions was observed when comparing to the pure IL and
attributed to the addition of water. The orientation of water molecules
was recorded and histogrammed, and it was found that, while it was
random across the bulk region, near interfaces water shows strong
preferences, towards the surface near negatively charged surfaces and
towards nearby anions near positively charged surfaces. Regarding the
vibrational densities of states (vdos) of water molecules, a blue-shift of
their vibrational spectrum was reported under confinement conditions,
indicating that they are more strongly bound in their positions by the
IV
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surrounding molecules. Finally, using this simulation data, a simple
adsorption model of energy levels (one for the bulk and another for
each interfacial region) was introduced. A fit of model parameters
to estimations of the energy levels obtained from the PMF of the
simulated systems wasmade, and it was shown that simulations indeed
follow the predictions of the model to a reasonable degree, except
for the case of extremely confined neutral systems, in which the
restructuring of the IL shifts water towards the second ionic layer,
causing a sharp depletion beyond what the model predicts.
The third and final article in this section focuses on experimental
measurements, supported by MD simulations, of mixtures of EAN,
propylammonium nitrate (PAN), and butylammonium nitrate (BAN)
with water and ethanol in order to better understand the influence
of the alkyl chain length on the properties of the mixture, as well as
its interaction with hydrogen bonds. This experiment-focused work
was proposed with the main goal of validating theoretical conclusions
about nanostructured solvation in PILs drawn from the work presented
in the first article. Surface tensions, densities and refractive indexes
were measured at room temperature and atmospheric pressure for
the entire concentration range of the six mixtures studied. In all
cases, density decreases when cationic alkyl chain length increases.
Furthermore, excess molar volumes were calculated and found to be
small but always negative. Refraction indices were also obtained from
these measurements by means of the phenomenological Gladstone-
Dale model and compared to experimental data. Both sets were found
to be in good agreement, showing a close relationship between both
magnitudes and making refractive indices of these mixtures easy to
obtain. Surface tension results with water showed a rapid decrease
with small concentrations of PIL, indicating that the PIL occupies
the interfacial region preferently at low concentrations, similar to a
surfactant. This trend was found to be more pronounced with longer
alkyl chain lengths, and more gradual in mixtures with ethanol, with
little variation until equimolar concentrations. Finally, these results
were compared to the rdfs obtained from simulations of these mixtures.
V
Borja Docampo Álvarez
The differences shown betweenwater and ethanol mixtures, with water
molecules inside the polar region of the liquid and the alcohol group
of ethanol in the border between polar and apolar regions, were related
to the different behavior for surface tensions, as ethanol molecules
will be more likely to be found at the interface.
In the second part of this work, two articles dealing with bulk
mixtures of ILs and one with mixtures of ILs near interfaces are
presented. In particular, the focus was the study of mixtures of one
PIL (an alkylammonium nitrate) and one AIL (a 1-alkyl-3-methyl-
imidazolium tetrafluoroborate). The choice of two well known but
dissimilar ILs was intentional, since the different structural organiz-
ation of the liquids, and especially the hydrogen bonding present in
PILs, is expected to lead to novel nonideal behaviors beyond those
observed in mixtures of similar ILs. Indeed, in the fourth article of
this thesis, a novel behavior for conductivity was reported in mixtures
of [EMIM][BF4] and EAN. This experimental curve shows a local
maximum, upon initial addition of EAN to pure [EMIM][BF4], as
well as a global minimum at intermediate, almost equimolar concen-
trations. To reproduce this, MD simulations of the mixtures were
made, and analyzed by means of their rdfs, sdfs, vacfs, and vdos,
as well as structure factors, mean square displacements (MSDs) and
diffusion coefficients for each species.
Initially, the density of simulated systems was compared to ex-
perimental measurements and a good agreement was found, with
differences no higher than 1.25%. The excess molar volume of the
mixtures was also calculated, with very small positive excess volumes
found. These excess volumes are larger than other reported values
for mixtures of ILs, but still small enough to make density behave





, reflected in a shift of the second
and following peaks of the corresponding rdf towards closer posi-
tions, until 70% EAN concentration, where this effect stops and long
range ordering between both species starts to collapse. EAN, on the
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other hand, maintains its characteristic anion-cation distribution until
extremely diluted concentrations. The restructuring of the AIL com-
ponent was highlighted by calculating their partial structure factor, the
corresponding representation in the spatial frequency domain of the
rdfs. Here, the difference between low and high PIL concentrations
is made evident for EAN too, showing both protic ions settling at
closer distances as their concentration increases. Finally, with regards
to rdfs, atomic rdfs were also obtained for the three hydrogens of
the imidazolium ring, showing, as expected, a preference for [NO3]
–
anions near the more acidic hydrogen that is bound to the carbon
between both nitrogen atoms in the ring, but also that these anions







interactions are expected to occur outside the ring
plane, leading to vertical association between [EMIM]
+
cations being
favored. This preference was visualized by means of the sdfs around
[EMIM]
+
cations, in which the competition for the more acidic hy-
drogen between both anions can also be appreciated. Coordination
numbers were calculated for anions around both cations, and, consid-
ering the total number of anions around each cation, it was found that
for [EA]
+
this number remains almost constant, while, for [EMIM]
+
,
it gradually converges towards that of [EA]
+
, suggesting that the pre-
viosuly mentioned tighter packing is caused by the PIL component
gradually imposing its structural behavior on the AIL. Indeed, when
studying the number of hydrogen bonds per PIL ionic pair, it was
found that they were directly proportional to PIL concentration, im-
plying that the onset of the hydrogen bond network happens at very
low concentrations and extends gradually as the PIL becomes more
dominant.
With regards to single particle dynamics, MSDs, and from them,
diffusion coefficients, were calculated for each species. While for
anions and [EA]
+
diffusion coefficients remained mostly the same
across the entire concentration range, [EMIM]
+
showed an increase
upon initial mixing, followed by a gradual decrease as PIL concentra-
tion becomes higher. This, combined with the detailed microscopic
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understanding of the structure, allowed us to explain the conductivity
phenomena in the mixture, with the minimum being an effect of the
decreased mobility of the [EMIM]
+
cation, which is in turn caused by
the gradual but early onset of the PIL hydrogen bonded network. This
causes conductivity to decrease until protic species are the dominant
charge carriers, the point from which conductivity starts to converge
towards the values of the pure PIL. Even though non-polarizable
simulations cannot model transport properties precisely, the behavior
trends of the experimental conductivity curve were qualitatively re-
produced from simulation data, both with an Einstein-Helfand fit and
with the Kohlrausch law. The validity of the second approach relies
on assuming independent ionic motion, therefore implying that ionic
association is not predominant in the mixture. But more importantly,
being able to reproduce the mixture’s conductivity behavior strictly
from ionic motion implies that proton transfer mechanisms, hypothes-
ized to be important in some transport phenomena involving PILs, do
not play a significant role in determining the conductivity of the IL
mixture.
After this, the effect of the alkyl chain length of both protic and
aprotic cations in the mixture was analyzed in the fifth article. For this,
mixtures of EAN, PAN and BAN with [EMIM][BF4] and [BMIM]-
[BF4] were considered and studied with MD simulations, and their
densities and conductivities measured experimentally. While in pre-
vious articles density had been used mainly as a means to validate
the link between simulation and experiment, in this case unexpected
deviations from ideality were found for high PIL concentrations in
[EMIM][BF4]-PAN and [EMIM][BF4]-BAN mixtures. These larger
deviations, studied in regards to in excess volume, had a negative
sign, and hinted at the presence of stronger interactions between both
components of the mixture. This was also reflected on the excess
molar enthalpies of mixing, which were calculated for all systems and
showed a pronounced peak for [EMIM] [BF4] – PAN and [EMIM]
[BF4] – BAN mixtures upon initial AIL addition. This stood in op-
position to [EMIM] [BF4] – EAN and [BMIM] [BF4] – EAN, which
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behaved like regular mixtures (non-ideal enthalpy of mixing, but ideal
entropy of mixing). An unsuccessful attempt to fit the former group to
the subregular mixture model was made, after which it was concluded
that some structural change was occurring to the pure PIL upon initial
mixing, possibly the formation of intermolecular complexes. A study
of the rdfs of the mixtures revealed that [BF4]
–
anions were occupying
positions near the PIL cation alkyl chains with little variation in rdf val-
ues over the entire concentration range. This was confirmed in [BA]
+
sdfs, where, additionally, it was shown that [EMIM]
+
cations occupy
positions around the butyl chain. Comparison with pure BAN sdfs
showed that this region was unoccuppied in the pure liquid, surroun-
ded only by other butyl chains. The disappearance of this ordering
upon mixing with an AIL, whose ions preferently occupy regions
around the tail forming intermolecular complexes, was concluded to
be the cause of the observed deviations from ideal behavior in the
longer-chained PILs. This was further confirmed by EAN sdfs, where
this region was already occupied in the pure IL and no structural reor-




cations were calculated, showing that vertical stacking
happened on both, but was further reinforced by the presence of a
longer, freely rotating butyl chain on [BMIM]
+
.
Hydrogen bonds per PIL pair and coordination numbers were
also obtained. Hydrogen bonds were the same for all mixtures at equi-
valent concentrations, and decreased exactly the same way; however,
coordination numbers around PIL cations were shown to decrease
slower for the longer chained PIL cations, highlighting again the as-
sociation with AIL ions occurring in those mixtures. Structure factors
were calculated, and by means of the polar-apolar partial structure
factors, it was shown that the polar-apolar order faded with the addi-
tion of shorter-chained ILs. Evidence of some degree of clustering
was also found; this was studied by converting the cations’ distance
matrix into a graph by means of a cut-off distance equal to the distance
of their first rdf maxima. By extracting and analyzing the size of the
connected components of this graph, it was determined that the onset
IX
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of the hydrogen bonded network happened at a concentration between
20% and 30%. Finally, velocity autocorrelation functions for protic
cations were obtained, showing that while the smaller [EA]
+
cation
was prone to short-term “caging”, this effect was not present for the
larger PIL cations.
In the sixth and final article composing this thesis, the behavior
near graphene surfaces of the IL mixtures previously studied was
described, with an eye towards their possible applications in electro-
chemical devices. More specifically, [EMIM][BF4]-EAN, [EMIM]-
[BF4]-BAN, [BMIM][BF4]-EAN and [BMIM][BF4]-BAN mixtures,
at concentrations of 10%, 50% and 90% PIL as well as the corres-
ponding pure IL components, were simulated in a box between two
parallel graphene sheets separated 8 nm, under neutral and charged
conditions. These systems were analyzed by means of calculating
their number density profiles for each species in the direction per-
pendicular to the walls, the lateral density maps near the graphene
surfaces, and the integral capacity of the EDL for both positively and
negatively charged electrodes. The number densities showed two
important phenomena taking place in the mixtures. Firstly, protic
cations in charged simulations showed a marked preference towards
the positive electrode, leaving the negative electrode with a prevalence
of aprotic cations. This was interpreted as a consequence of hydrogen
bonding between protic cations and the [NO3]
–
anions in the first
ionic layer being energetically favorable. Secondly, a restructuring of
the EDL near negatively charged electrodes was detected. The first
cationic layer splits into multiple maxima, some of them overlapping
with the first anionic layer, which leads to an anion depletion in this
region upon AIL addition. This effect was found to be nonlinear,
with mixtures with 10%AIL being halfway in-between pure PIL sys-
tems and equimolar mixtures. The uneven distribution of cations had
an effect on the lateral surface patterns found, as two-dimensional
protic-aprotic (as well as polar-apolar) segregation was found near the
electrodes. In aprotic-dominated mixtures, a gradual transition from
stripe (fluid-like) to hexagonal (solid-like) patterns upon PIL addition
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was found. This is related to a decrease in the mobility of [BF4]
–
anions in the presence of PIL by means of the Minkowski parameters
of the mixture. From this and from the orientation of the protic cation,
it was concluded that hydrogen bonding has a key influence on the
interfacial structure of the mixtures. Finally, integral capacitance was
calculated for both positively and negatively charged electrodes. It
was found that capacitance near the positively charged electrode varies
smoothly and only by a small amount. However, near the negatively
charged electrode, capacitance remains almost constant from 0% to
50% PIL and then increases sharply. This nonlinear behavior was
found to be the consequence of the previously discussed replacement
of PIL cations by AIL cations near the electrode. This has a marked
effect on both charge density and contact distance, and its influence
on the inner structure of the EDL also impacted capacitance. The
impact of this inner structure on capacitance was shown by means of
a simple theoretical model featuring a dampened oscillating charge
density.
Finally, a brief summary of the main conclusions extracted from
this work, as well as some discussion on possible future research lines,




Los líquidos iónicos (ILs) son compuestos iónicos anfifílicamente
nanoestructurados con un punto de fusión bajo, inferior a 100
◦
C, que
han sido objeto de atención por parte de la comunidad científica en los
útimos años. Su peculiar combinación de propiedades tales como su
baja volatilidad, ventajosas características electroquímicas y elevada
estabilidad, así como sus mecanismos de solvatación nanoestructura-
da, los hacen una posible alternativa “verde” respecto a disolventes
convencionales. Además, gracias al gran número de combinaciones
anión-catión que dan lugar a un IL, es teóricamente posible ajustar
sus propiedades para usos específicos, hecho que ha llevado a la co-
munidad científica a referirse a ellos como “disolventes de diseño”.
Para hacer posible este proceso de diseño, es necesario realizar previa-
mente un estudio extenso y sistemático de estos disolventes, ya que
aún no ha sido desarrollada una teoría general que permita explicar
las propiedades finales del líquido a partir de la elección inicial de
anión y catión (es decir, una relación estructura-propiedad). Esto es
doblemente importante en el caso de mezclas de dos o más ILs, que
forman un nuevo IL con propiedades que no necesariamente tienen
por qué seguir reglas de mezcla ideales.
Muchas de las propiedades de los ILs son difíciles de explorar
experimentalmente. No solo eso, sino que el gran número de ILs posi-
ble, combinado con los costes asociados a su síntesis, hacen estudios
experimentales a gran escala en principio inviables. Afortunadamente,
el desarrollo de los ILs como campo de investigación ha coincidido en
el tiempo con los progresivos avances en recursos computacionales,
así como su mayor disponibilidad. Las simulaciones por ordenador
permiten realizar estudios rápidos, sistemáticos y relativamente ase-
quibles de ILs bajo condiciones arbitrarias, con pleno acceso a los
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microestados del sistema en cualquier instante temporal, convirtiéndo-
los en una potente herramienta tanto para realizar avances en estudios
teóricos como para planificar estudios experimentales.
El tema principal de esta tesis es el estudio y comprensión de
los mecanismos de mezcla de los ILs, con agua, alcoholes de cadena
corta, y, principalmente, con otros ILs, y el impacto que estos tienen
en sus propiedades de bulk e interfase. Un conocimiento a priori del
comportamiento de estas mezclas es clave para el diseño de ILs para
casos específicos, pero, además, estos resultados tienen otras aplica-
ciones mucho más inmediatas. En el caso específico del agua, dada la
naturaleza altamente higroscópica de los ILs, su presencia, en grado
residual, es en muchos casos inevitable. Entender el impacto que este
contenido de agua tiene, especialmente en propiedades críticas y alta-
mente sensibles a ella como la conductividad electrica, es sumamente
importante. Además, no solo con el agua sino también con el alcohol,
la nanoestructura de la mezcla nos permite entender mejor el rol de los
mecanismos de enlace de hidrógeno en en la estructura de los líquidos
iónicos próticos (PILs), una clase de ILs con sitios aceptores y donores
de hidrógeno que dan lugar a su autoensamblado en redes enlazadas
por hidrógenos. Para ello, se realizaron numerosas simulaciones de
dinámica molecular (MD) de los sistemas estudiados, mediante el
software de simulación Gromacs y el campo de fuerzas OPLS-AA.
Este campo de fuerzas, optimizado para la simulación de líquidos
orgánicos, permite realizar predicciones precisas de propiedades es-
tructurales, y, aún siendo un campo de fuerzas no polarizado, ha sido
empleado con éxito en diversos trabajos para realizar predicciones
cualitativas sobre propiedades de transporte.
La primera parte de este trabajo trata sobre mezclas de ILs con
cosolventes moleculares. En el primer artículo de los seis que constitu-
yen esta tesis, mezclas de un PIL, el nitrato de etilamonio (EAN), con
agua, metanol y etanol fueron estudiadas y caracterizadas. El EAN
es peculiar entre los PILs en que su red de enlaces de hidrógeno se
asemeja en cierta medida a la del agua. Mediante simulaciones de
XIV
Resumen
MD, se estudiaron mezclas de este líquido con los tres cosolventes
en concentraciones que comprendían la totalidad del rango de mez-
cla. Estas mezclas fueron, además, preparadas en laboratorio, y sus
densidades medidas experimentalmente para su comparación con los
valores obtenidos mediante simulación, con el objetivo de validar los
parámetros empleados. Las desviaciones sobre estos valores expe-
rimentales fueron pequeñas, menores al 2% en todos los casos. Se
encontró que la respuesta de la densidad frente a la concentración
variaba entre las mezclas con alcoholes y con agua, con las primeras
mostrando una progresión lenta a lo largo del rango de mezcla y la
segunda sufriendo pequeños cambios a bajas concentraciones de agua
y variaciones más fuertes a concentraciones más altas. La estructura
microscópica de las mezclas fue estudiada mediante sus funciones
de distribución radial (rdfs), números de coordinación, número de
enlaces de hidrógeno por par iónico y funciones de distribución es-
pacial (sdfs). A partir de estos datos, se concluyó que se trata de un
proceso de mezcla homogéneo, en el que los cosolventes se incorporan
progresivamente en la red de enlaces de hidrógeno del líquido. Esta
dinámica contrasta con lo que había sido observado previamente para
el agua en mezclas con líquidos iónicos apróticos (AILs), donde se
detectó una tendencia a formar pequeños clusters. En el caso concreto
del agua en PILs, se detectó además una inversión en la altura relativa
de los dos primero máximos de la rdf catión-agua, indicando que
en torno a esta concentración se produce una sustitución de aniones
por moléculas de agua en torno a la cabeza polar del catión, siendo
los aniones desplazados a posiciones más próximas a la cola. Esta
imagen de una integración progresiva del cosolvente en la red de en-
laces de hidrógeno del PIL se ve reforzada por la variación monótona
tanto de números de coordinación como del número de enlaces de
hidrógeno por molécula. Además, se puede observar un punto de infle-
xión, a concentraciones intermedias, en los números de coordinación
catión-agua, indicando el punto en el que el proceso de sustitución
mencionado anteriormente ha finalizado.Alrededor del anion [NO3]
–
,
las sdfs revelaron dos estructuras de coordinación distintas para agua
y alcoholes: los alcoholes coordinan con los átomos de oxígeno de
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forma monodentada, mientras que, en el caso del agua, las moléculas
se sitúan en los puntos intermedios de cada par de átomos de oxígeno,
coordinando de forma bidentada. Finalmente, se verificó de nuevo que
el agua se integra más intensamente en la red de enlaces de hidrógeno
mediante sus correspondientes funciones de autocorrelación de velo-
cidades (vacfs), donde se detectó, en el caso del agua pero no de los
alcoholes, un comportamiento oscilatorio. Esto sugiere la presencia,
especialmente a bajas concentraciones de agua, de un “efecto caja”,
en el que la molécula de agua se ve temporalmente atrapada entre sus
vecinos cercanos.
El segundo artículo se centra en la contaminación por agua resi-
dual en ILs en las proximidades de una superficie de grafeno, y, en
particular, su evolución en situaciones de nanoconfinamiento. Ya que
varios estudios han mostrado que el confinamiento de ILs es bene-
ficioso para su uso en ciertos procesos electroquímicos, y dado que
el agua puede alterar fuertemente las propiedades electroquímicas
del IL, saber cómo una situación de nanoconfinamiento influye en
la distribución del agua en la celda es clave a la hora de considerar
su uso práctico. Se prepararon cajas de simulación con el AIL te-
trafluoroborato de 1-butil-3-metil-imidazolio ([BMIM][BF4]) y un
contenido en agua de un 5% molar, el equivalente a unas 4200 ppm
en peso, confinadas entre dos láminas de grafeno a distancias que
variaban desde 1.5 nm a 12 nm. Para cada distancia, se estudió el
caso de una celda neutra y el caso cargado, para el cual se tomaron
densidades de carga superficiales de ±1 e/nm2 en los electrodos. Los
resultados obtenidos de las simulaciones fueron analizados a través
de los perfiles de densidad numérica de cada especie en la dirección
perpendicular a las paredes, los mapas de densidad lateral (superficial)
de la primera capa de la doble capa eléctrica (EDL), la orientación
angular de las moléculas de agua y sus estados vibracionales. En los
casos neutros, la estructura interfacial del IL alcanzaba de 1.5 a 2 nm
de profundidad. En sistemas de tamaños menores a 4 nm, y por tanto
sin región de bulk definida, esta estructura interfacial se ve reforzada,
con el agua situándose predominantemente en las regiones de baja
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densidad iónica cerca de la segunda capa. En sistemas cargados, se
observa la presencia de la estructura de capas alternas de aniones y
cationes característica de la EDL para todos los tamaños, con el agua
apareciendo predominantemente en el electrodo positivo, mostrando
solo una presencia residual en el negativo. Un analisis detallado a
través del potencial de la fuerza media (PMF) mostró que uno de los
motivos detrás de este fenómeno es una barrera de energía mucho
más alta en la capa catiónica próxima al electrodo negativo, dificul-
tando la adsorción de agua a este. Esta barrera, sin embargo, decrece
progresivamente bajo condiciones de confinamiento, mientras que las
barreras de potencial en electrodos neutros y positivos se mantiene
relativamente constante.
Estudiando la estructura lateral del líquido, se detectó, para el
electrodo positivo, una transición de patrones lineales a una distribu-
ción hexagonal de aniones una vez se añadía agua al IL. La orientación
de las moléculas de agua fue grabada e histogramada, encontrándose
que, si bien es aleatoria en la región de bulk, el agua de las regio-
nes interfaciales muestra preferencias marcadas, orientándose hacia
la pared en la región próxima al electrodo negativo y hacia aniones
cercanos en la región próxima al electrodo positivo. En cuanto a las
densidades de estado vibracionales (vdos) de las moléculas de agua,
se encontró un desplazamiento hacia el azul de su espectro vibracional
bajo condiciones de confinamiento, indicando mayores restricciones
en su movimento debido al efecto de moléculas cercanas. Por último,
usando los datos obtenidos mediante estas simulaciones, se planteó un
modelo simple de adsorción basado en niveles energéticos, uno para
la región de bulk y otro para cada una de las regiones interfaciales, y
realizando un ajuste de los parámetros del modelo a estimaciones de
los niveles de energía basados en los PMF, se obtuvo que las simula-
ciones cumplen en un grado razonable las predicciones del modelo,
con la notable excepción de los sistemas neutros extremadamente con-
finados, en los que la reestructuración del IL desplaza las moléculas
de agua a la segunda capa iónica, causando una disminución en la
cantidad de agua más allá de las predicciones del modelo.
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El tercer y último artículo de esta primera parte se centra en me-
didas experimentales, apoyadas por simulaciones MD, de mezclas de
EAN, nitrato de propilamonio (PAN) y nitrato de butilamonio (BAN)
con agua y etanol, con el objetivo de entender mejor la influencia de
la longitud de la cadena del catión en las propiedades de la mezcla,
así como su interacción con los enlaces de hidrógeno. Este ejercicio
de corte experimental se propuso, también, con vistas a validar las
conclusiones teóricas sobre la solvatación nanoestructurada en PILs
obtenidas en el primer artículo. Se midieron, a lo largo de todo el
intervalo de mezcla de las seis mezclas estudiadas, densidades, ten-
siones superficiales e índices de refracción, a temperatura ambiente
y presión atmosférica. En todos los casos, una mayor longitud de
cadena lleva a un descenso en la densidad. Los volúmenes de exceso
asociados fueron calculados, siendo, en todos los casos, pequeños
y siempre negativos. Además, a partir de las densidades se calcula-
ron los índices de refracción de las mezclas mediante el modelo de
Gladstone-Dale. Los valores obtenidos son próximos a los índices
de refracción obtenidos experimentalmente, mostrando una relación
cercana entre las dos magnitudes. Los resultados de las medidas de
tensión superficial en mezclas con agua muestran un rápido descenso
con bajas concentraciones de PIL, indicando que este ocupa prefe-
rentemente la region interfacial como lo haría un surfactante. Esta
tendencia es más marcada para longitudes de cadena más largas, y
mucho más gradual para mezclas con etanol, en las que se aprecia muy
poca variación hasta llegar a concentraciones equimolares. Por último,
los resultados experimentales fueron contrastados con las rdfs obte-
nidas mediante simulaciones MD de estas mezclas. Las diferencias
encontradas entre mezclas con agua y con etanol, con las moléculas
de agua situándose en la región polar del líquido y los grupos alcohol
del etanol situándose en las zonas limítrofes entre las regiones polar y
apolar, fueron asociadas al comportamiento de la tensión superficial
y la mayor afinidad del etanol por situarse en la interfase.
En la segunda mitad de esta tesis se presentan dos artículos sobre
mezclas en bulk de ILs y un tercero sobre estas mezclas en presencia
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de interfases. En concreto, el objeto de estudio de estos trabajos fueron
mezclas de un PIL (de la familia de los nitratos de alquilamonio) y
un AIL (de los tetrafluoroboratos de 1-alquil-3-metilimidazolio). Esta
elección de dos ILs bien conocidos pero con marcadas diferencias
entre ellos fue realizada con la intención de que sus diferencias a nivel
estructural, y en concreto las interacciones por enlace de hidrógeno
presentes en los PILs, lleven a la aparición de comportamientos no
ideales novedosos, no presentes en las mezclas de ILs con caracterís-
ticas similares. En el cuarto artículo de esta tesis se presenta uno de
estos comportamientos, una novedosa respuesta no ideal de la con-
ductividad frente a la concentración en mezclas de [EMIM][BF4] con
EAN. Esta curva, obtenida experimentalmente, muestra un máximo
local al añadir pequeñas cantidades de EAN a [EMIM][BF4], así como
un mínimo global a concentraciones intermedias, casi equimolares.
Para reproducir estos resultados, se realizaron simulaciones mediante
MD de estas mezclas, y los resultados fueron estudiados a través de
sus rdfs, sdfs, vacfs, vdos, factores de estructura, desplazamientos
cuadráticos medios (MSDs) y coeficientes de difusión de cada especie.
Como primer paso, se compararon las densidades de los sistemas
simulados con sus correspondientes medidas experimentales, viéndo-
se que las diferencias eran menores al 1.25%. Los volúmenes molares
de exceso de cada mezcla fueron también calculados, dando en este
caso valores pequeños y positivos, mayores que los valores medidos
en otros estudios sobre mezclas de ILs, pero aún lo suficientemen-
te pequeños como para que pueda considerarse que la densidad se
comporta de manera prácticamente ideal en estos sistemas. La intro-
ducción del EAN en el [EMIM][BF4] conlleva un empaquetamiento
más compacto de sus iones constituyentes, hecho que se refleja en
un desplazamiento de los picos segundo y posteriores de las corres-
pondientes rdfs, situándose en posiciones más cercanas hasta llegar
a una concentración de 70% EAN, donde este efecto termina y el
orden de largo alcance entre los iones apróticos empieza a desapa-
recer. Los iones del EAN, por otra parte, mantienen su distribución
anión-catión característica hasta concentraciones altamente diluidas.
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La reestructuración del componente aprótico de la mezcla se puso aún
más de manifiesto al calcular los factores de estructura, la representa-
ción en el dominio de frecuencia espacial de las rdfs. Mediante ellas
se pudo apreciar también la diferencia entre concentraciones altas y
bajas de PIL para el EAN, al mostrar cómo los iones próticos se sitúan
a distancias progresivamente más cercanas según su concentración
aumenta. Por último, en lo que concierne a las rdfs, se calcularon las
rdfs atómicas correspondientes a los tres hidrógenos del anillo imida-
zolio, mostrando, como era de esperar, una preferencia por parte del
[NO3]
–
por situarse cerca del hidrógeno más ácido, es decir, el que se
encuentra situado entre los dos nitrógenos del anillo. Pero, además, se
apreció que los nitratos eran por lo general más favorecidos a la hora
de ocupar posiciones alrededor del plano del anillo que los [BF4]
–
.




ocurran predominantemente fuera del plano del anillo, llevando a
favorecer asociaciones verticales. Este hecho se visualizó claramente
una vez calculadas las sdfs alrededor de los cationes [EMIM]
+
, en las
que la competición entre aniones por el hidrógeno ácido se aprecia
también de forma evidente. Los números de coordinación de aniones
alrededor de ambos cationes fueron calculados. La suma de ambos
alrededor del [EA]
+
permanece prácticamente constante, mientras que
para el [EMIM]
+
converge gradualmente hacia los valores del [EA]
+
,
lo que sugiere que el empaquetamiento más compacto es consecuencia
del hecho de que el componente prótico impone progresivamente su
estructura al componente aprótico. El cómputo del número de enlaces
de hidrógeno por par iónico de PIL mostró un resultado directamente
proporcional a su concentración, con la implicación de que, efecti-
vamente, la estructura del PIL, con su red de enlaces de hidrógeno
asociada, aparece a concentraciones muy bajas y se extiende gradual-
mente según el PIL se vuelve dominante en la mezcla.
Respecto a la dinámica de las moléculas de la mezcla, se calculó
para cada especie su MSD, y, a partir de estos, los coeficientes de
difusión. Si bien para ambos aniones y para el [EA]
+
los coeficientes





se observa un ligero aumento al mezclar PIL, seguido de
su progresiva disminución según la concentración de PIL aumenta.
Esto, combinado con la información que los resultados anteriores ofre-
cen sobre la estructura de la mezcla, permite explicar los fenómenos
detrás de la curva de conductividad encontrada, en la que el mínimo
es consecuencia de este descenso en la movilidad del [EMIM]
+
, que a
su vez es consecuencia de la aparición gradual pero temprana de la red
de enlaces de hidrógeno. Esto lleva a un descenso en la conductividad
eléctrica hasta el punto en el que los portadores de carga dominantes
pasan a ser los iones próticos, momento en el cual la conductividad
vuelve a aumentar convergiendo rápidamente hacia los valores del
PIL puro. Aunque los modelos no polarizables no permiten reproducir
propiedades de transporte de forma precisa, estos comportamientos
fueron reproducidos de forma cualitativa a partir de los datos de las si-
mulaciones, tanto mediante un ajuste Einstein-Helfand como a través
de la ley de Kohlrausch. La validez del segundométodo se asienta en la
hipótesis de que el movimiento de cada especie iónica es independien-
te, lo que implica que en este caso la asociación entre especies iónicas
no es un efecto importante en estas mezclas. Pero una conclusión
mucho más importante es que poder reproducir el comportamiento de
la conductividad únicamente a través del movimiento iónico implica
que los mecanismos de transferencia de protones, considerados poten-
cialmente importantes a la hora de determinar el comportamiento de
los PILs y sus propiedades electroquímicas y de transporte, no están
jugando un papel relevante a la hora de determinar la conductividad
de la mezcla.
Después de esto, en el quinto artículo se estudia el efecto de la
longitud de la cadena alquílica en la mezcla, tanto en cationes pró-
ticos como apróticos. Para este trabajo, mezclas de EAN, PAN y
BAN con [EMIM][BF4] y [BMIM][BF4] fueron estudiadas mediante
simulaciones MD, y sus densidades y conductividades medidas expe-
rimentalmente. Si bien en los artículos anteriores la densidad había
mostrado comportamientos cerca de la idealidad y su estudio se había
usado principalmente como una forma de validar experimentalmente
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los resultados obtenidos por simulación, en este caso se encontra-
ron inesperadamente desviaciones de la idealidad en las mezclas con
[EMIM][BF4]-PAN y [EMIM][BF4]-BAN. Estas desviaciones, en el
contexto del volumen de exceso, toman valores negativos, sugiriendo
la aparición de interacciones entre ambos componentes de la mezcla.
Las desviaciones también se pudieron observar en las entalpías mo-
lares de exceso de mezcla, calculadas para todos los sistemas, en las
que aparece un pico pronunciado para mezclas con [EMIM] [BF4] –
PAN y [EMIM] [BF4] – BAN en el momento en el que se añade AIL
al PIL puro. Por otra parte, tanto la mezcla [EMIM] [BF4] – EAN
como la mezcla [BMIM] [BF4] – EAN se comportan como mezclas
regulares, con una entalpía de mezcla no ideal pero una entropía de
mezcla ideal. Tras un intento infructuoso de ajustar estas dos primeras
mezclas al modelo subregular, se concluyó que algún cambio estruc-
tural estaba ocurriendo en el seno del líquido en el momento de la
mezcla, posiblemente la formación de complejos intermoleculares.
Un estudio de las rdfs de las mezclas reveló que los aniones [BF4]
–
ocupan posiciones cerca de las cadenas de carbono del catión prótico,
con poca variación en los valores de la rdf a lo largo del intervalo
de mezcla. Este hecho fue corroborado mediante las sdfs en torno al
[BA]
+
, donde además se pudo observar que el catión [EMIM]
+
ocupa
posiciones cercanas al grupo butil. Esta región se encuentra vacía en
el BAN puro, estando las cadenas alquílicas rodeadas únicamente de
otras cadenas. La desaparición de este orden polar-apolar al mezclar
los dos líquidos, y la asociación de los iones de ambos componentes
formando complejos multi-iónicos se tomó como causa fundamen-
tal tras las desviaciones de la idealidad observadas en estos líquidos.
Añadiendo peso a esta hipótesis, se observó en las sdfs del EAN que
este proceso no tiene lugar en el caso de este líquido, ya que la región
en torno a la cadena se encuentra ya rodeada de centros polares en su





, mostrando los fenómenos de asociación
vertical mencionados anteriormente, que, en el caso del [BMIM]
+
, se
veían reforzados por la presencia de una cadena de longitud más larga
y con libertad de movimiento para rotar.
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También se calcularon tanto el número de enlaces de hidrógeno
por par iónico de PIL como los números de coordinación. El número
de enlaces de hidrógeno obtenido fue el mismo para todas las mez-
clas a concentraciones similares, mostrando la misma evolución; sin
embargo, se observó que los números de coordinación en torno a
cationes próticos disminuyen más lentamente, apuntando de nuevo a
la asociación con iones apróticos en estas mezclas. Se obtuvieron los
factores de estructura, y, mediante los parciales correspondientes a
la organización polar-apolar, se mostró que esta nanoheterogeneidad
desaparece al añadir LIs de cadena más corta. Ante indicios de cluste-
rización a bajas concentraciones, se estudió este fenómeno creando
un grafo mediante la aplicación de una distancia de corte, igual a la
posición del primer máximo de la rdf, a la matriz de distancias entre
cationes. Del tamaño de las componentes conexas de este grafo se
pudo determinar que la red de enlaces de hidrógeno se establecía a
lo largo del líquido en concentraciones entre el 20% y el 30%. Por
último, las funciones de autocorrelación de velocidades de los cationes
fueron obtenidas, mostrando que el “efecto caja” se da en el caso del
catión [EA]
+
pero no para los cationes próticos de mayor tamaño.
En el sexto y último artículo de esta tesis, se describe el compor-
tamiento de estas mezclas de dos ILs cerca de superficies de grafeno,
con vistas a su posible aplicación en dispositivos electroquímicos. En
concreto, se realizaron simulaciones de mezclas [EMIM][BF4]-EAN,
[EMIM][BF4]-BAN, [BMIM][BF4]-EAN y [BMIM][BF4]-BAN, a
concentraciones de 10%, 50% y 90%, así como los líquidos puros,
en cajas de 8 nm de ancho confinadas entre dos superficies de grafeno
paralelas, bajo condiciones neutras y cargadas. De nuevo, el análisis
de estos sistemas se realizó mediante los perfiles de densidad numéri-
ca de las distintas especies en la dirección normal a las paredes, los
mapas de densidad lateral cerca de las superficies de grafeno, y la
capacitancia integral de la EDL para los electrodos positivo y nega-
tivo. El estudio de las densidades numéricas reveló dos fenómenos
importantes en estas mezclas. En primer lugar, los cationes próticos
muestran una fuerte preferencia por regiones cercanas al electrodo
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positivo, dejando el electrodo negativo con una abundancia de catio-
nes apróticos. Este fenómeno se interpretó como una consecuencia
de la posibilidad de formar enlaces de hidrógeno con los aniones
[NO3]
–
de la primera capa, lo que convierte estas posiciones en ener-
géticamente más favorables. En segundo lugar, se detectó una peculiar
evolución de estructura de la EDL cerca del electrodo negativo. La
primera capa catiónica se divide en múltiples máximos de la densi-
dad iónica, algunos de ellos solapándose con regiones propias de la
primera capa aniónica, lo que lleva a un vaciamiento de aniones en
la región según se añade AIL. Este efecto es no lineal, con mezclas
con un 10% de AIL encontrándose a medio camino entre el PIL puro
y las mezclas equimolares. La distribución asimétrica de los aniones
tiene consecuencias claras en los patrones de la estructura lateral en la
interfase del sistema, en la que se encontró segregación planar, tanto
prótica-aprótica como polar-apolar. En las mezclas con predominan-
cia aprótica, se observa una transición gradual entre patrones lineales
(más fluidos) y hexagonales (más rígidos) al añadir PIL. Este efecto se
relacionó, por medio de la obtención de los parámetros de Minkowski
de los patrones, con una reducción de la movilidad de los aniones
[BF4]
–
. A partir de esta observación y de la orientación del catión
prótico, se pudo concluir que los enlaces de hidrógeno también juegan
un papel clave en la estructura interfacial de las mezclas. Por último,
se calculó la capacitancia integral en los electrodos positivos y nega-
tivos. Se observó cómo la capacitancia cerca del electrodo positivo
varía suavemente y en pequeñas cantidades. Sin embargo, cerca del
electrodo negativo la capacitancia permanece casi constante entre 0%
y 50% PIL para luego aumentar bruscamente. Este comportamiento
no lineal se atribuyó a la anteriormente mencionada sustitución, en
este electrodo, de cationes próticos por su contrapartida aprótica. Este
fenómeno conlleva cambios importantes tanto en la densidad de carga
como en la distancia de contacto, además de su influencia en el resto
de la estructura de la EDL, alterando así la capacitancia en el electrodo.
El impacto de la estructura interior de la EDL en la capacitancia fue
discutido a través de un modelo teórico consistente en una densidad
de carga oscilatoria y amortiguada.
XXIV
Resumen
Esta tesis concluye con un breve sumario de las conclusiones
principales extraídas de este trabajo, así como una perspectiva sobre
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1 Introduction
Before being a pirate, you should be a sailor.
The Secret of Monkey Island
1.1 Motivation and purpose
Ionic liquids are considered by the scientific community one of the
key materials of the 21st century. The increased ecological awareness
developed by society during the second half of the 20th century has
led to an urge to review and reinvent many of the industrial processes
our economy is based on, resulting, among other significant changes,
in the advent of the so-called “green chemistry”. Ionic liquids are
uniquely positioned to replace traditional industrial solvents, many of
which are massively produced, toxic volatile, organic compounds, due
to properties such as their negligible vapor pressure or the possibility of
recovering and reusing the liquid after each use. This ultimately means
that, while ionic liquids are not intrinsically harmless (depending on
the specifics, they can be highly toxic), they can be designed to be “eco-
friendly”, a reasonale that has lead to the moniker “green solvents”
being commonly employed when discussing these new materials.
1
“Design” is not a casually chosen word, and has a key meaning
in the field of ionic liquids. The number of anion-cation combinations
that can result in an ionic liquid is notoriously high. Additionally, most
cations and a considerable amount of anions are organic molecules,
in which the addition of new functional groups (such as -OH groups)
or a variation in the length of alkyl chains leads to new, different
ions. Each anion-cation combination will present a different set of
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properties (discussed at length in the following subsection) which
might range from helpful to hindrances, depending on the situation at
hand. It is therefore often said that ionic liquids are designer solvents,
2
materials purposely tailor-made to fit the requirements of each spe-
cific application, prepared by cherry-picking a proper combination of
anions and cations from those available that fits the desired properties.
This wide range of tunable properties makes ionic liquids have a
great number of potential applications. Besides solvents, ionic liquids
have seen use as catalysts, electrolytes, thermal fluids, lubricants,
waste separators or nuclear material recovery media.
2–8
Their use
as electrolytes is an active research topic and one of the main mo-
tivations behind this thesis, as ionic liquids have some of the largest
electrochemical windows known for solvents. This, combined with
their aforementioned low vapor pressure, high thermal stability and
wide liquidus range, makes the prospect of using them in batteries
and capacitors attractive.
A systematic study of all ionic liquids is a challenging proposition,
to say the least. This challenge is magnified to unrealistic dimensions
after a simple realization: a mixture of two or more ionic liquids is also
an ionic liquid. The estimated number
9
of possible ternary mixtures
of ionic liquids is of the order of 10
18
, and we do not currently have
an understanding of how the mixing process changes the properties of
the mixture when compared to those of its pure components. In fact,
generally speaking, it is not possible to know, before synthesising
it, the properties of an ionic liquid with an arbitrary cation-anion
combination. The ultimate goal of theoretical ionic liquid studies is
developing a predictive framework that allows applied scientists and
prospective users of ionic liquids to know which liquid(s) would suit
their needs. Meanwhile, research must proceed on a case by case
basis, studying the properties of specific ionic liquids.
This thesis is an attempt to contribute to the understanding of ionic
liquids and their mixing mechanisms. Computer simulations, and in
particular molecular dynamics, were the tool of choice for this study,
2
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having proved themselves useful time and time again for the study
of liquid systems, allowing easy access to microscopic features (such
as their structure near graphene interfaces), and, more importantly,
allowing large-scale studies limited only by the computational power
available, a key consideration when approaching mixtures over their
entire mixing range (which multiplies the number of systems to study).
The first half of this thesis studies mixtures of ILs with molecular
cosolvents, namely water, methanol and ethanol, in an effort to better
characterize nanostructured solvation, a fundamental property of these
systems, and its interactionwith hydrogen bonding. A number of previ-
ous efforts to describe the behavior of ILs with water and short-chained
alcohols can be found in the literature.
10–13
Many focus on the stability
of specific ILs under different conditions, as well as their miscibility
with water and the corresponding phase diagrams.
11
Cammarata et al.
found experimentally, by means of spectroscopy studies, that water in
[CnMIM]
+
-based ILs associated preferently with anions.
12
Gutowski
et al. found that the water miscibility of [CnMIM]
+
-based ILs could
be controlled by means of mixtures with water-structuring salts.
14
Mendez-Morales et al. studied, by means of MD simulations, the
effect of anion hydrophobicity and cation chain length on the miscib-
ility and microscopical structure of [CnMIM]
+
-based ILs with water,
reporting their velocity autocorrelation functions (vacf) for the first
time.
15
However, only a few studies of mixtures of PIL with water
could be found.
16–22
These reports were experimental in nature. For
example, Greaves et al.
23,24
used X-ray scattering to find that water
molecules placed themselves around the polar region in several PILs,
integrating with their hydrogen bonded network without greatly dis-
turbing their structure. For alcohols, they found that the impact of the
cosolvent on PIL structure was highly dependent on the relative length
of the alkyl chains of alcohol and cation. No computational studies
regarding the nanostructure of PIL and water mixtures could be found,
however. Given the importance of hydrogen bonding to understand
the structure of PILs, and, in particular, the similarity of EAN and its
three-dimensional network with that of water, the case of mixing PILs
3
Borja Docampo Álvarez
with water and short-chained alcohols (methanol and ethanol) was a
natural first step in this thesis. As well as pure molecular dynamics
(MD) studies, an analysis of their experimental properties and their
interpretation is presented in this section.
The effect of low amounts of water inAILs near graphene surfaces
was also studied. In many real-world applications, and in particular,
for electrochemical and energy storage devices, ILs will be confined
and exposed to neutral and charged surfaces. Interaction with con-
fined geometries can change, sometimes dramatically, the properties
of the IL,
25,26
and understanding what affects these interactions lets
engineers optimize both the IL and the device for better perform-
ance.
27
Many properties of both the interface (material, charge) and
the IL (amphiphilicity) have been found to influence the resulting
IL structure near the interface.
28,29
In particular, a key property of
ILs as dense ionic media is the appearance of a structure of altern-
ating layers of anions and cations near charged interfaces, known
as the electric double layer (EDL).
30–43
Computer simulations are a
helpful when approaching these systems. Indeed, a number of MD











on it. As mentioned before, water contamination is expected to some
degree in ionic liquids.
49,50
This is doubly important here, as water
not only greatly alters some of the properties of ILs as described later
in this chapter, but it can also impact electrochemical processes taking
place near electrodes. Feng et al. described by means of MD simu-
lations the adsorption of water molecules in imidazolium-based ILs
near graphene surfaces.
51
Chapter 2.2 follows up on this study by
describing the effect of nanoconfinement on these mixtures as well as
by providing a simple theoretical model for water adsorption. This
research also showed, for the first time, that the lateral pattern formed
by the ionic liquid near the graphene wall changes when water is ad-
ded. Voltage-driven structural changes had previously been observed
by Salanne et al.;
52,53





transitions as a consequence of changes in the charge density in the
interfacial layer.
The second half of the results presented here focus on previously
uncharted territory: mixtures of two dissimilar families of ionic li-
quids, in this case, alkylammonium nitrates (protic ionic liquids) and
alkylmethylimidazoles (aprotic ionic liquids). Most studies of ionic
liquid mixtures, as will be discussed in the next section, focus on two
similar ionic liquids sharing a common anion or cation. Therefore,
mixtures will show a larger degree of ideality and, in many cases,
differing properties will simply be a direct result of the size difference
between the original ion and the one replacing it. Our chosen protic
and aprotic ionic liquids have not only notably different sizes and
geometries, but also different intermolecular interactions, of which
the strong hydrogen bonding present on protic ionic liquids is the most
important. These differences make studying these systems a more
complicated task, but, as presented in this thesis, have also been found
to lead to rich and varied nonideal behavior in some of the resulting
mixture’s properties.
A number of studies on IL mixtures can be found on the liter-
ature,
55,56
most of them focusing on imidazolium-based AILs.
57–63
The fundamental question in most of these studies revolves about
the ideality of the resulting mixture.
61
Quitevis et al. performed an
Optical Kerr Effect spectral analysis on mixtures containing different
anions and found that, depending on the combination, the resulting
spectra could be additive or nonadditive, implying, in the second
case, that nanostructural changes from the pure components were
ocurring.
57,58
Computational studies also exist. For example, Brüs-
sel et al.
59,60
used ab initio MD simulations to study mixtures of
common-ion imidazolium-based ILs and concluded that they were
quasi-ideal systems whose behavior was controlled by weak inter-
actions related, for the most part, to competition between ions for
specific sites. Lian et al. performed MD simulations of [EMIM]
[BF4]x [TFSI]1−x mixtures near carbon electrodes and found that ca-
5
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pacitance could be increased by means of mixing both anions.
64
Few





studied the surface properties on aggregates of long alkyl
chain imidazolium-based ILs, using EAN as a surfactant. Russina et
al.
67
studied mixtures of EAN and [EMIM][NO3], reporting a smooth
evolution with concentration as ions gradually redistributed into their
favored structures while maintaining local electroneutrality. For this
work, the choice of mixing a PIL with an AIL was made, expecting
that their dissimilarities would give rise to novel, nonideal behavior in
the studied mixtures. Chapter 2.4 starts describing mixtures of EAN
and [EMIM][BF4], for which a unique conductivity-concentration
curve was experimentally found, and for which computer simulations
showed the underlying structural phenomena behind this behavior,
namely, changes in ionic mobility and the gradual onset of the hy-
drogen bonded network. Next, a study on the effect of longer alkyl
chains in both PIL andAIL cation was made, finding that the presence
of longer alkyl chains on the protic component of the mixture leads
to the formation of intermolecular complexes. And, as a final step,
the behavior of all these mixtures at the electrochemical interface,
specifically near graphene electrodes, was studied and described, re-
lating concentration-dependent changes in the aforementioned lateral
distribution of the liquid to the capacitance of the IL cell.
The rest of this chapter reviews past and current research on the
field of ionic liquids as well as their most important characteristics, and
introduces the simulation techniques used. Afterwards, in Chapter 2,
results obtained are analyzed and discussed in detail. Finally, Chapter
3 summarizes the main conclusions of this thesis and suggests future
lines of work.
1.2 Ionic liquids
Ionic liquids (ILs) are, as their name indicates, purely ionic com-
pounds with low melting points, making them liquid at close to am-
6
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bient temperatures. Traditional salts (e.g. NaCl) in liquid state are
denominated molten salts instead, while an IL is considered as such
if it has a melting point below 100
◦
C (the term room temperature
molten salts is also common). While this may seem an arbitrary limit
at first, it means the IL will coexist with water in its liquid form,
something which has major implications that will be discussed later in
this section. A more immediate consequence is that, unlike traditional
molten salts, ILs are not limited in application to high temperature
industrial processes.
This low melting point can be attributed to component anions and
cations. Instead of the small - sometimes monoatomic - and roughly
equivalent sized ions present in molten salts, IL component ions can
vary greatly in size and shape (Figure 1.1). The archetypical IL is
usually formed by a large, organic cation with one or more alkyl
chains of varying length, and a much smaller inorganic anion such as
a nitrate or a phosphate. This is not always the case; however, a large
size difference between anion and cation is frequent,
68
and it has been
suggested that this asymmetry, and not just the larger ion size, might
be a key factor behind the resulting liquids’ low melting points, due
to the decrease in free lattice energies and the large entropy change
associated with the phase transition.
10,69
An important property of ILs is that their structure, on a nano-
scale level, is heterogeneous. In 2006, by means of MD simulations,
Canongia-Lopes and Pádua predicted that alkylmethylimidazolium--
based ILs with an alkyl chain length of four carbon atoms (1-butyl-3-
-methylimidazolium, [BMIM]
+
) or longer would show segregation
into polar (charged) and apolar (alkyl chain) domains.
70
This predic-
tion was experimentally confirmed the following year by Triolo et al.
by means of X-ray diffraction.
71
Similarly, Atkin et al. reported, in
2008, experimental evidence of polar-apolar nanodomain segregation
for EAN and its C3-sized cousin, propylammonium nitrate (PAN).
72
The nanostructured nature of these compounds is key to understand
their behavior and beneficial properties as solvents, as described later
7
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A key phenomenon that might be present for a given anion-cation
pair is proton transfer, that is, the presence of hydrogen donor sites on
the cation and hydrogen acceptor sites on the anion. In those cases,
the resulting IL is called a protic ionic liquid (PIL) that will exist in an
acid-base equilibrium with its conjugate pair (the presence of a small
number of neutral species is considered part of the “pure” IL
73
) and
show a tendency to form hydrogen bonded networks.
74
Those who
do not are correspondingly called aprotic ionic liquids, or AILs. ILs
are thus divided in two big families with a few notable differences.
AILs lack the aforementioned proton transfer mechanisms and usually
have a much lower, almost negligible vapor pressure. This has led
to the long held viewpoint that AILs are the “stable” subset of ILs,
and therefore the “interesting” ones. AILs have been the focus of
the scientific community for nearly three decades, starting in 1992,
when Wilkes et al. published an article describing the synthesis of 1-
ethyl-3-methyl-imidazolium ([EMIM]
+
) based ionic liquids. During
that period, most aspects of AILs have been the subject of academic
research, with extensive work being done on their possible applica-
tions in electrochemistry and catalysis, all while articles discussing
the synthesis of newAILs continued to be released. On the other hand,
PILs at large have been almost completely ignored until recent years.
This is despite them having been known for more than a century: in
1888, Gabriel and Weiner described ethanolammonium nitrate, a salt
with a melting point of 55-55
◦
C, which can exist as a metastable
liquid at ambient temperatures and even lower, following a thermal
transition at -25.
◦
C. In 1914, in an article commonly cited as the
starting point of ionic liquid research, Walden reported the synthesis
of the first true room-temperature IL (RTIL), ethylammonium nitrate
(EAN).
In spite of this early start, PILs remained a curiosity during the
20th century. This changed recently, and, in the last decade, the proper-
ties that until then made PILs “uninteresting” started to be mentioned
9
Borja Docampo Álvarez
instead as unique characteristics enabling new and interesting uses of
ILs, lithium-ion batteries
8
and hydrogen-based fuel cells
75–77
being
notable among them. It also bears reminding that, unlike AILs, PILs
are extremely simple to synthesize, being the product of the reaction
between a Brønsted acid and a Brønsted base. EAN in particular
stands out among ILs due to its ability to form a three-dimensional
hydrogen-bonded network, making it an unique solvent with many
“water-like” properties while still showing the properties that make
ILs interesting in the first place.
6,78
As for other properties, while a few common characteristics may
be found, due to the large amount of possible anion-cation combina-
tions, it is more accurate to discuss them in terms of possible prop-
erties and property ranges. Following is a list with the most notable
properties found on ILs, both generally and for certain specific ILs:
• Liquidus range and thermal stability: By definition, ILs
have a low melting point, under 100
◦
C. RTILs generally have
much lower melting points, reaching -50
◦
C or lower. With
higher temperatures, different behavior may be found depend-
ing on the IL. Many, especiallyAILs, do not present a gas phase
at normal pressure conditions, instead undergoing thermal de-
composition. Some PILs are known to evaporate normally, and
a few others, among which 1-methylimidazolium chloride, used
in industral applications, is a notable case, simply neutralize
into their conjugate acid-base pair. In both cases the original
PIL is recoverable. Therefore, all ILs have, for one reason
or another, an effective operating temperature range at which
they will be a stable liquid. This liquidus range is generally
large, of the order of 200 or 300
◦
C, and even in worst case
scenarios ILs outperform other solvents such as water in this
regard, increasing their number of possible applications.
• Vapor pressure: Related to the previous point, ILs have a
lower vapor pressure than most other solvents. For many AILs,
10
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this vapor pressure is almost negligible. PIL vapor pressure is
generally higher,
74
but still low and within what can be con-
sidered non-volatile.
• Hygroscopy: On the other hand, a major issue for potential IL
applications is their hygroscopic nature. ILs in contact with air
will quickly absorb ambient humidity due to the solvophilic
nature of their polar regions. Water content is known to impact
IL mixtures in a significant way, especially regarding transport
properties, so special care must be taken to isolate the liquid
from the outside. Water solvation on PIL, as well as the effects
of water contamination on AIL-based capacitors, are analyzed
in detail as part of this thesis.
• Electrochemical properties: Being liquids entirely composed
of charged particles, ionic conductivity is an intrinsic property
of ILs. The high number of charge carriers compensates the
relatively low mobility of ions. This results on conductivities
of the order of 0.1 S/m, halfway between that of pure water
(10
−6
S/m) and metals (10
6
S/m), but lower than conventional
electrolytes.
79
However, ILs also possess much larger elec-
trochemical windows, between 2 and 6 V, making them more
versatile for use in electrochemical applications. Furthermore,
circumventing the lower conductivity can be possible by means
of IL-cosolvent solutions, making the study of this systems an
active research topic.
80,81
Finally, PILs are considered materials
of high interest for certain redox reactions and for processes
involving proton capture, transport, and storage, such as fuel
cells.
75–78
• Miscibility and solvation properties: Ionic liquids are not-
ably good solvents due to the presence of polar and apolar re-
gions in the molecular structure of their constituent ions. Hence,
they are generally miscible with a large number of liquids, such
as water and other ionic liquids, for their entire concentration





nanostructured natured following from this gives rise to the
selective solvation mechanism known as nanostructured solva-
tion:
82–84
polar goes to polar, and apolar goes to apolar. Salts,
for example, will form solvation complexes in the polar regions
of the liquid, while water behavior will vary depending on the
presence of a hydrogen bond network, integrating itself into
its structure when one exists or, when it does not and water
concentration is low, forming isolated water clusters.
• Density: IL densities are one of their most measured properties,
with extensive data available on scientific literature. This is
partially due to the ease with which it can be measured, but
also because of its importance for many potential applications.
Data on the effect on density of different additives such as salts
or other cosolvents is also readily available in many cases.
85,86
In general, ILs are denser than water, with typical densities
ranging from 1.2 g/ml to 1.4 g/ml.
87
As a general rule, ions
with longer alkyl chains will result in ILs with lower densities.
Density values are also relatively stable with temperature, with
thermal expansion coefficients around 5-7 ⋅10−4 K.88
• Viscosity: ILs show in general high viscosity, with typical val-
ues oscillating between 10 and 1000 cP, compared to water
viscosities around 0.89 cP.
87
Temperature, as well as the pres-
ence of impurities, have a strong effect on viscosity. In addition
to the obvious implications in practical applications, it bears
mentioning that, for computational studies, a high viscosity
means that longer computation times are needed to obtain good
estimations of dynamic and transport properties.
1.3 Methodology
The advent of computer-assisted research has been a key devel-
opment in scientific research since the second half of the 20th century.
12
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Figure 1.2: Diagram with different commonly employed simulation methods
showing the size and time scales they are commonly used for.
In materials science, computer simulations allow scientists to ob-
serve and characterize materials at the microscopic level and correlate
them to their macroscopic properties. This is particularly important
in soft matter and ILs in particular, where experimental analysis of
these properties can be difficult to approach. Furthermore, the com-
puting power needed for these simulations is no longer restricted to
supercomputers, and is becoming more and more readily available to
researchers around the world. These characteristics combine to make
computer simulations an ideal tool to investigate the properties of ILs
before committing large amounts of money on experimental studies.
Experimental results can then feed back into the simulation model,
leading to a more refined model for future simulations.
There are different ways to approach computer simulation of a ma-
terial, based on different theoretical physical and statistical principles.
13
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The choice of method is an important first consideration that will be
conditioned by the size of the system studied, the time scale of the
phenomena to be observed, and the computational resources available
(Figure 1.2). For the purpose of studying the nanoscale properties
of ILs, the choice is essentially between ab initio quantum chem-
ical methods such as density functional theory (DFT) calculations,
or classical molecular dynamics (MD) simulations. DFT and other
quantum mechanics-based methodologies can provide deep insights
on phenomena involving single ions or complexes formed by a bunch
of molecules, but their computationally intensive nature makes them
scale poorly for bulk material simulations. As mentioned previously,
the structure and single-particle dynamics of ILs and their mixtures is
the main goal of this thesis, so MD simulations, the most fitting for
the corresponding time and length scales as shown in Fig. 1.2 were
used for this work.
Classical MD simulations consist on numerically solving New-
ton’s equations of motion under a specified force field for a number of
particles, each typically corresponding to an atom in a molecule, for
every step of a discretized time frame. While other important practical
applications such as protein dynamics exist, our main concern here are
MD simulations of bulk matter, for which calculations are performed
for a cell, typically cubic or orthorhombic, full of molecules and sub-
ject to periodic boundary conditions, so that a succession of exact
replicas of the box exist in every direction. A number of software
implementations, free and commercial, implementing algorithms to
perform these calculations efficiently, are readily available, such as
CHARMM or LAMMPS. In our case, we opted for the GROMACS
suite, versions 5.1 and 2016.1, for a number of reasons. First, it
is a free and open-sourced software regularly maintained and fre-
quently updated. Second, it is easy to operate and provides detailed,
well formatted information about each operation performed, making
troubleshooting any possible issues much easier. And finally, it is not
only fast, but also has been shown to scale better when parallelized.
14
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Prior to simulation, a box containing a random configuration of
the desired number of each molecular species is generated. For this,
we used the PACKMOL tool.
89
Although box size can be adjusted
later (especially in the case of NPT simulations), it is a good idea
to choose dimensions that will result in a system density as close as
possible to the liquid’s experimental density or, if unknown, to a reas-
onable estimation of it. This box configuration must then undergo an
energy minimization process. GROMACS implements three different
algorithms for this purpose: steepest descent, conjugate gradients, and
a limited-memory Broyden-Fletcher-Goldfarb-Shanno quasi-New-
tonian minimizer. For the work presented on this thesis, the conjugate
gradients algorithm was used.
After minimization but prior to the production run, the system
must be stabilized by means of a long enough MD simulation to allow
its structure and properties such as density to converge and stabilize.
Initial velocities are generated here for each particle, following a Max-
well distribution at the temperature selected for the system. Then the
system proceeds to stabilization, and, after finishing, a new MD simu-
lation is ran, this time periodically recording particle data (position,
velocity, forces) and system data (total kinetic and potential energies)
in a number of log files, where analysis will be later performed.
As previously mentioned, each simulation step involves solving
Newton’s equations of motion for every particle in the system:
Fi = miai, (1.1)
which must be integrated in discrete time, so as to calculate the state of
the system at t+∆t given known values of x(t), v(t) for the previous
time step t. Again, GROMACS implements a number of algorithms,
most of them based on leap-frog or velocity Verlet methods. For this
work the leap-frog integrator
90
was used. This algorithm receives
its name from using v(t − 1
2
∆t) to calculate v(t + 1
2
∆t), effectively
making positions and velocities update alternatingly, as depicted in
15
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∆t) = v⃗(t − 1
2
∆t) + ∆tm F⃗ (t)
r⃗(t +∆t) = r⃗ + v⃗(t + 1
2
∆t)∆t (1.2)
Interactions between particles are divided into bonded (intramolecu-
lar) and non-bonded interactions,
V = Vbonded + Vnonbonded, (1.3)
and rely on a set of particle-, bond-, and molecule-specific parameters.
Collections of these parameters are denominated “force fields” and
are typically obtained by means of quantum chemistry calculations,
although other methods such as machine learning optimization are
possible. Since the behavior of the atoms’ electronic cloud cannot
be replicated by static parameters, parameters will vary depending
on what situations the force field has been optimized for. In effect,
this means a variety of general-purpose and application-specific force








being some examples. For this thesis, the OPLS-AA
92
(Optimized
Potentials for Liquid Simulations) force field was employed. This
force field was optimized to fit the experimental properties of liquids
16
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and had been already used for ILs with good results prior to the
beginning of this thesis.
83,96
The AA (all-atom) variant explicitly
represents every atom, as opposed to OPLS-UA (united atom), where
carbon-bound hydrogens are ignored and represented as part of the
carbon’s parameters.
In OPLS, bonded interactions are modelled in the following man-
ner:





kB(r − r0)2 (1.5)
Vangles = ∑
angles








Vi[1 + (−1)k+1 cos(kφ)]. (1.7)
Bonds and angles are modeled with a linear or angular (respectively)
harmonic potential. Dihedrals are modeled as a four term Fourier
cosine expansion. Internally, GROMACS implements this potential by
using Ryckaert-Bellemans dihedrals, for which equivalent parameters
can be easily calculated.
Non-bonded interactions consist in a repulsion term, a disper-
sion term, and a Coulomb term. The first two are grouped into a
Lennard-Jones (or, in other cases, Buckingham) interaction. Adding













which uses the combination rules Aij =
√
AiiAjj and Cij =
√
CiiCjj .
For the case of the interaction between an atom and a single-layer
surface (such as graphene), an integrated 10-4 Lennard-Jones potential
can be used instead for faster computation times.
17
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These non-bonded interactions have effectively infinite range;
however, for practical purposes a cut-off distance, no greater than half
the shortest box side, is introduced. Buffered Verlet lists keep track of
which molecules are closer to each other than this threshold. For the
rest, a Particle Mesh Ewald sum is made to calculate the remainder
of the force and conserve the total energy of the system. In parallel
run simulations, this can be done on dedicated threads, allowing for
further speed gains.
18
2 Results and Discussion
This chapter presents the full results obtained in this thesis work.
The studies performed were computational in nature, using classical
MD simulations; where possible, complementary experimental meas-
urements of density and conductivity were also made to compare with
simulation results.
The main topic of research was the evolution of structural, inter-
facial, and transport properties, both on a microscopic and aggregate
(macroscopic) level, of protic and aprotic ILs upon mixing, with either
molecular cosolvents, or with each other. This can be important for
many reasons: tuning IL properties for optimum performance for a
specific application is a given, but one must also consider the case
of accidental contamination, notably in the case of water. For this
reason, the first three subsections of this chapter present studies of
water in ILs. The structure and dynamics of EAN mixtures with water,
methanol, and ethanol were analyzed. A progressive, homogeneous
accomodation of the molecular cosolvents into the mixture’s hydro-
gen bonded network was found, in contrast to previous findings for
AILs. Water was also found to integrate strongly into the PIL structure,
displaying short-term caging effects and replacing [EA]
+
in the first
anionic solvation layer at concentrations over 50%.
Most studies of IL-IL mixtures focus on mixtures of two sim-
ilar ILs sharing a common ion. In this thesis, the choice of mixing
a protic IL with an aprotic IL was intentionally made so as to mix
two dissimilar liquids with different internal structures in order to
search for possible novel phenomena due to the nonideality of the mix-
ture. Mixtures of [EMIM][BF4]+EAN were found to display a novel,
complex electrical conductivity curve, with both a local maximum
at low PIL concentrations and a global minimum at near equimolar
concentrations. Analysis of the internal structure of the mixture, by
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means such as the radial distribution functions, this effect was attrib-
uted to the protic hydrogen bonded network and its dominance in the
mixture. Meanwhile, other magnitudes, such as density, showed an
almost ideal behavior, even if deviations from ideality were larger
than in most IL mixtures reported in the literature. Longer alkyl chain
length cations were found to introduce different, additional nonideal
behavior in the case of the protic cations, whose mixtures displayed,
upon initial addition of [EMIM][BF4], a large, negative excess molar
enthalpy of mixing. This was found to be due to the occupation, by
[EMIM][BF4] ions, of regions near the apolar cation tail, which are
empty or surrounded by other tails in the pure liquid.
Due to the potential applications of ILs in batteries, superca-
pacitors, and other electrochemical devices, ILs and their mixtures
were also studied in the presence of neutral, positively charged and
negatively charged graphene surfaces. A study on water presence in
nanoconfined [BMIM][BF4] showed that water is found predomin-
antly at the positively charged electrode, with only residual amounts
near the negatively charged electrode. Careful analysis, by means
of the potential of the mean force (PMF), showed that part of the
reason for this is a much higher energy barrier to move through the
first cation layer near the negatively charged electrode, making water
adsorption more difficult. On the other hand, a study of the afore-
mentioned PIL+AIL mixtures revealed an asymmetrical distribution
of cations in charged cells, with protic cations occupying positions
near the positively charged electrode so as to form hydrogen bonds
with nearby nitrate anions. This means that the first cationic layer
near the negatively charged electrode is composed predominantly by
imidazolium cations, which in turn affects the capacitance of the cell.
Following are the detailed results of this work. Each subsection
includes a brief summary of the research topic and its main conclusions
followed by the corresponding published article (reference and figure
numbers may differ from the original work).
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2.1 Mixtures of protic ionic liquids and molecular cosolvents:
a molecular dynamics simulation
The hydrogen bonded structure of PILs is the key property dis-
tinguishing them fromAILs. As such, its study is an important step
towards understanding the structure and dynamics of this family of ILs.
Additionally, water and alcohols, two important molecular solvents,
are completely miscible with one of the reference PILs, EAN, and, as
discussed previously, water content in ILs is a key concern for many
potential applications. Therefore, studying mixtures of EAN with
these molecular cosolvents is important for both basic science and
applications of PILs.
In the following article, we reported the first, up to our knowledge,
MD study of mixtures of EAN with water and short-chained alcohols
(methanol and ethanol). Our goal was to understand the solvation of
a small amount of these molecules in PIL as well as the evolution of
hydrogen bonded structures in the mixture for the entire concentration
range. Our findings show the progressive, homogeneous accommoda-
tion of cosolvent molecules in the hydrogen bonded network, opposite
to previous findings in AILs. Radial distribution functions revealed
that water replaces cations in the first solvation shell of the anions
for concentrations higher than 50%. Meanwhile, alcohol molecules
accommodate themselves in the frontiers of the polar-apolar nanodo-
mains. Different coordinations around the anions (monodentate vs.
bidentate) were found in the spatial distribution functions. And when
analyzing dynamic properties by means of velocity autocorrelation
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2.2 Molecular dynamics simulation of the behaviour of water
in nano-confined ionic liquid-water mixtures
Water content can drastically alter properties of ILs that are key
for electrochemical applications such as their electrical conductiv-
ity. Water can also interfere with redox reactions taking place near
electrodes. Before using ILs as solvents for such reactions, or as part
of novel electrolyte compounds for supercapacitors, it is important
to understand the behavior of a residual amount of water in the cell
interface. Feng et al.
51
had previously provided first insights into
these systems. As nanoconfinement has been found to be beneficial
for the performance of ILs in certain situations, this paper further
analyzes the behavior of water molecules in [BMIM][BF4] confined
between graphene layers at different cell sizes.
Results show that water molecules are adsorbed under all con-
ditions studied. However, the potential of mean force for water is
lower for positively charged surfaces due to the preferential hydration
of anions. Nanoconfinement was found to increase the probability
of finding water near the positively charged electrode while causing
depletion at neutral and negatively charged surfaces. A simple, two-
level statistical model was proposed to predict the degree of water
presence near electrodes in these systems. Finally, a novel phase
transition, upon water addition, for the distribution of interfacial ions
was found, and reported in this article for the first time, with anions
changing from a striped pattern to a hexagonal one. This result shows
that previously observed voltage-induced phase transitions
52,53
are
a particular case of a group of interfacial structure phase transitions
induced by any effect altering surface charge density.
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Molecular dynamics simulation of the behaviour of water in
nano-confined ionic liquid–water mixtures
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2.3 Surface and bulk characterisation of mixtures contain-
ing alkylammonium nitrates and water or ethanol: Experi-
mental and simulated properties at 298.15 K
Following the studies presented in section 2.1, a clear picture of
nanostructured solvation mechanisms in EAN started to emerge. The
desire to experimentally validate these results, as well as the open
question of the effect of cation alkyl chain length on the mixtures, led
to a collaboration with the Mesturas group of the University of A Co-
ruña with the purpose of experimentally characterizing macroscopic
properties of these mixtures and their relation with their microscopic
structure as shown in MD simulations. This article presents the results
of this work.
Detailed experimental data for density, surface tension and re-
fractive index measurements are presented for mixtures of EAN, PAN
and BAN with water and ethanol. The validity of our understanding
of nanostructured solvation is shown by the different evolution of
surface tension for both cosolvents, as ethanol is more likely to be
found closer to the (apolar) liquid interface. This is a consequence
of its preference for regions at the frontier between polar and apolar
interfaces and leads to a steeper curve for surface tension at high
PIL concentrations. Water, meanwhile, occupies places around polar
heads, inside the liquid, and its effect on surface tension is therefore
minimized until PIL concentration is low enough.
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Surface and bulk characterisation of mixtures containing
alkylammonium nitrates and water or ethanol: experimental
and simulated properties at 298.15 K
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2.4 Molecular Dynamics Simulations of Mixtures of Protic
and Aprotic Ionic Liquids
Once the properties of mixtures with molecular cosolvents were
known and the fundamental details of nanostructured solvation were
confirmed, we undertook the characterization of IL-ILmixtures. These
mixtures are considered a potential way of fine-tuning ILs for specific
applications beyond what is currently possible with combinations of
a single cation and a single anion. These mixtures show in most cases
close to ideal behavior for relevant magnitudes, and many studies on
IL mixtures focus on two ILs sharing a common ion, making their
ideality even more pronounced. Following the same logic, choos-
ing two dissimilar ILs with very different properties should magnify
nonideal mixing behavior and possibly lead to the appeareance of
novel phenomena. The following article presents simulation and ex-
perimental results of mixtures of the AIL [EMIM][BF4] and the PIL
EAN, the first of its kind, to our knowledge, ever reported.
A complex, novel dependence on concentration was found exper-
imentally for electrical conductivity. Its behavior, featuring a local
maximum at low PIL concentrations and a global minimum at close to
equimolar concentrations, was reported and qualitatively reproduced
by means of MD simulations. Analysis of the simulations revealed
a homogeneous mixing process in which hydrogen bonded network
becomes the key interaction in the mixture after a certain amount of
PIL, around 20%, is present. This result is reminiscent of the ability of
water to establish a porous network throughout the liquid in mixtures
with AILs.
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This leads to a progressively tighter structure as PIL
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2.5 Effect of Alkyl Chain Length on the Structure and Ther-
modynamics of Protic-Aprotic Ionic Liquid Mixtures: A Mo-
lecular Dynamics Study
The effect of the length of the alkyl chain on the mixtures de-
scribed in Section 2.4 was studied next. ILs are nanostructured ma-
terials, where the presence of polar and nonpolar regions leads to
differentiated polar and apolar domains. This effect depends on the
presence of a large enough nonpolar region in the ions, making the
length of alkyl chains a key contributing factor. It follows from this
that, when mixing two different families of ionic liquids, a different
alkyl chain length in any of the two cations may lead to different
mixture interactions and resulting structures. The following article
presents MD studies of PIL-AIL mixtures involving the PILs EAN,
PAN and BAN and the AILs [EMIM][BF4] and [BMIM][BF4].
Results show pronounced peaks for excess volume upon initial
AIL mixing with PAN and BAN, with corresponding peaks for en-
thalpy. Detailed analysis, supported by radial and spatial distribution
functions, reveals an association between [EMIM]
+
cations and the




. The polar-apolar bulk ordering
present in the pure PIL is disrupted in order to accomodate AIL ions
around the apolar region. Mixtures with [BMIM][BF4] and EAN,
on the other hand, behaved similarly to previously studied mixtures
of [EMIM][BF4] and EAN, albeit with slightly larger excess mag-
nitudes.
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Effect of Alkyl Chain Length on the Structure and
Thermodynamics of Protic-Aprotic Ionic Liquid Mixtures: A
Molecular Dynamics Study
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2.6 Molecular dynamics simulations of novel electrolytes
based on mixtures of protic and aprotic ionic liquids at the
electrochemical interface: structure and capacitance of the
electric double layer
In this section, the behavior of the systems studied in Sections 2.4
and 2.5 near graphene electrodes is investigated, looking into possible
practical applications of these novel IL mixtures. ILs are materials
of special interest for electrochemical applications. Many of their
electrochemical properties can be improved by means of mixtures
with molecular cosolvents. However, this negatively impacts the
electrochemical window of the mixture. IL-IL mixtures allow the
tuning of specific properties, such as capacitance, while circumventing
this limitation. Additionally, as shown previously in this thesis, ILs at
graphene interfaces present a rich, complex lateral structure, that will
present phase transitions under varying voltages
52,53
or in the presence
of cosolvents (Section 2.2). The question of how the lateral structure
of these mixtures evolves with concentrations remained open. This
final article presents results of MD simulations of PIL-AIL mixtures
of the PILs EAN, PAN, and BAN and the AILs [EMIM][BF4] and
[BMIM][BF4].
Hydrogen bonding is again shown to be a key property in the
structure of the mixture. In this case, the preference of protic cations
towards hydrogen bonding with the anions near the positively charged
electrode leads to a depletion of these cations near the negatively
charged electrode. The resulting differences in the lateral structure of
the innermost layer of the EDL (with, rather than phase transitions,
displayed segregation into protic and aprotic regions), as well as the
impact on the structure of the EDL, are shown to lead to a nonlinear
dependence of the integral capacitance with concentration.
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Molecular dynamics simulations of novel electrolytes based on
mixtures of protic and aprotic ionic liquids at the
electrochemical interface: structure and capacitance of the
electric double layer
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3 Conclusions and future perspectives
The main conclusions drawn from the work presented on this
thesis are as follows:
• MD simulations of mixtures of PILs and water, methanol and
ethanol have been performed in order to analyze the solvation
mechanisms in these liquids. Results show that water molecules
homogeneously accommodate themselves inside the polar re-
gions of the liquid, integrating with the hydrogen bond network
of the IL. This contrasts to the clustering behavior that has been
observed for water in AILs. Amphiphilic alcohol molecules, on
the other hand, place themselves at the border between polar
and apolar regions. These results, which were also confirmed
experimentally and tied to changes in magnitudes such as sur-
face tension, have contributed to a better understanding of the
nanostructured solvation paradigm.
• We have pioneeringly considered the structure of mixtures of
water and ILs under high nanoconfinement, and introduced a
simple, general statistical model to describe preferential ad-
sorption. Specifically, we show that water is predominantly
adsorbed near positively charged electrodes due to their pref-
erence for solvating anions. This effect is more pronounced
under increasing nanoconfinement, where the blueshift of the
vibrational states of water molecules reveals stronger caging in
the interfacial region.
• The structure and single-particle dynamics and transport prop-
erties of mixtures containing a PIL and an AIL have been de-
scribed for the first time by means of both MD simulations and
experimental studies. As with water in AILs, the formation of
Borja Docampo Álvarez
an hydrogen bonded PIL network happens at low PIL concen-
trations, between 20 and 30%, and dominates many structural
and transport properties of the mixtures. In particular, it leads
to a markedly non-ideal electrical conductivity curve, which
had not previously been reported for any other IL mixture. This
example shows how mixing two dissimilar ILs can lead to in-
teresting, nontrivial phenomena not present in common-ion IL
mixtures.
• The relative size of the polar/apolar parts of the IL molecules
of the component ILs critically determines the way in which
the polar/apolar network of the latter can possibly integrate.
This process is the result of a delicate interplay between several
interactions and has been shown to be a source of nonideal
behavior in these mixtures. For mixtures of AILs in the longer
chained PILs studied (PAN and BAN), this leads to the forma-
tion of intermolecular complexes where polar regions of AIL
cations surround the apolar PIL tails, disrupting the polar-apolar
ordering present in the pure liquid.
• Finally, and most notably, composition-induced surface phase
transitions for the interfacial structure of ILs near graphene elec-
trodes were reported and described for the first time. The dis-
covery of this previously unknown complex behavior, triggered
by changes in ionic mobility, opens a new line of research into
the properties and tunability of confined ILs. Also in this thesis,
it was shown that changes in the lateral structure of the first
ionic layer influence the capacitance of the cell and, more gen-
erally, the structure of the EDL itself, through the modification
of the surface change density.
As for future perspectives, mixtures of ILs will remain the subject
of active research for the foreseeable future. In particular, research in
the structure of these and other compound-forming mixtures and their
relation to nanostructured solvation mechanisms is a line of research
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with applications in e.g. electrochemical devices. Additionally, the
precise structure of ILs at the electrochemical interface, specifically
of the innermost layer of the EDL and its influence on the 3D struc-
ture of this region, remains an open line of research, with potential
applications such as the eventual possibility of designing IL mixtures
with complex, heterogeneous solvent interfaces for complex chemical
processes. Finally, the study of IL in contact with two-dimensional
materials beyond graphene is expected to lead to interesting results in
the field of electrochemistry.
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”I don’t know everything. I just know what I know.”
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